The task of discriminating UXO from non-UXO items are more difficult when sensor data are contaminated with geological noise originating from magnetic soils. In particular, magnetic material affects the decay curve characteristics in electromagnetic surveys and this can adversely affect inversion calculations that try to estimate parameters of the UXO or determine whether the item is UXO or scrap. This talk focuses on the effects magnetic soils and magnetic viscosity have on time domain and frequency domain electromagnetic sensor data. By forward modelling of a 1-D layered earth model we investigate the sensitivity of surveys to magnetic soils, and attempt to determine the relative strengths of magnetic soils and buried metallic objects. In particular, we consider soil susceptibility models appropriate for Kaho'olawe Island, Hawaii, where the UXO clearance project has been hampered by the presence of highly magnetic basaltic soils. Finally, we investigate how perturbations in signal due to magnetic soil affect the ability to recover parameters of the dipole model presented in Pasion and Oldenburg (2001a) .
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Electromagnetic Response of Magnetic Soils
Electromagnetic sensors are sensitive to the presence of magnetic soils due to the phenomenon of magnetic viscosity. A time constant τ is used to characterize the time for the magnetization vector to rotate from its minimum energy orientation prior to application of the field, to its new orientation. For a sample of magnetic grains which has a large range of relaxation times that are distributed uniformly over their spectrum, the magnetic moment of the soil sample will decay logarithmically. Consequently, the time derivative of the decaying magnetic field produced by the magnetization decays as t −1 . This t −1 decay has been observed in archaeological prospecting (Colani and Aitken, 1966) , time domain electromagnetic (TEM) surveys carried out over laeteritic soils for mineral exploration (Buselli, 1982) , and also in TEM surveys carried out on Kaho'olawe Island, Hawaii. Lee (1983) showed that a sample containing a collection of particles with a uniform distribution of decay times has a magnetic susceptibility of
Frequency Dependent Susceptibility Models
This model of susceptibility is expressed as a function of two time constants (τ1 and τ2) that determine the limits of the uniform distribution of time constants, and the static (ω = 0) susceptibility χo. The quadrature and inphase components described by this model are plotted in Figure 1 . Between the frequencies ω = 1/τ2 and ω = 1/τ1 the quadrature component of susceptibility is nearly constant, but there is a peak at ωm = (τ1τ2) −1 . The inphase component decreases linearly with the logarithm of frequency. These features for the inphase and quadrature components of χ can also be produced by a ColeCole model with parameters appropriate for a broad distribution of relaxation times. 
Constructing a Magnetic Susceptibility Model from Kaho'olawe Soil Measurements
A model for the frequency dependent susceptibility of Kaho'olawe soils is required to investigate magnetic noise problems through forward modelling. The base rock at Kaho'olawe is tholeiitic basalt, which is covered by a number of different soil types with variable geophysical characteristics (Parsons Engineering, 1998) . Table 1 lists measurements of the magnetic susceptibility for soil samples at the Seagull site on Kaho'olawe. These measurements provide us with the real part of the complex susceptibility at two frequencies. Given this limited information of the soil's magnetic characteristics, we need to make some assumptions before generating a susceptibility model. First, we assume that the two measuring frequencies are within the frequency range where the inphase component decreases linearly ). Second, we assume that all the frequencies of interest fall within this range of frequencies. With these two assumptions, we can model the real part of the susceptibility as a straight line. By manipulating eq. (1) we can show that for τ2 τ1 the slope of the inphase component is related to the quadrature component by
This relationship has also been derived without the use of eq.
(1) (Mullins and Tite, 1974) , and has been observed in complex susceptibility measurements by Dabas et al. (1992) . Therefore, by determining the slope of the inphase component from the susceptibility measurements, we can immediately estimate the quadrature component.
Electromagnetic Response of a 1-D Layered Magnetic Earth
Forward modelling in 1D is solved in the frequency domain using the standard propagation matrix formalism (Farquharson et al., 2002) . Let us consider a circular transmitter loop of radius a, carrying a current I, and at a height h above a 1-D layered earth. At an observation point at the center of the transmitter loop, the vertical component Hz and the radial component Hρ of the H-field are
where uo = √ λ 2 − k 2 o , ko is the wave number of the air, and J1 is the first order Bessel function. P21 and P11 are elements of the propagation matrix P described in Farquharson et al. (2002) . As the symmetry of the 1-D model would also suggest, there are no horizontal components to the H-field response at the center of the transmitter loop. This is an important point because it shows, for the case where the fields are measured along the axis of the transmitter loop, that the effects of magnetic susceptibility will appear only in the vertical component. This feature will be exploited later when processing electromagnetic data. The time Figure 2 plots the horizontal and vertical components from a field data set acquired using the Zonge NanoTEM time domain sensor. The magnetic ground on the right portion of the survey is clearly detectable in the vertical component of the data, but is less evident in the horizontal component.
In order to examine the effect of a soil layer with a complex susceptibility, we consider a pair of two-layer models. The first consists of a 1 m thick top layer with a conductivity of σ = 0.01 S/m and a frequency dependent complex susceptibility derived using eq. (2) with the susceptibility values of sample 7462-2728A-6 in Table 1 . The second two-layer model has a static real susceptibility of χ = 0.05 SI in the top layer. Both models have a basement conductivity of σ = 0.001 S/m and a static susceptibility of χ = 0.03 SI. Figures 3(a) and (b) show the modelled frequency response for the two-layer models. Figure 3 that the real part of the H-field has a line of negative slope. The effect of the frequency dependent layer on the quadrature component becomes evident when plotting the logarithm of the quadrature component (Figure 3(b) ).
The effect of these differences on the time domain signature are shown in Figure 3 (c). We see that the two layer model with complex, frequency dependent susceptibility produces a t −1 response, while the two-layer model with static real susceptibility follows a t −5/2 decay. For the time range of the Geonics EM63 (approximately 0.1 ms to 25 ms) it is clear that the response of the real, static susceptibility distribution produces a much weaker response than when the model contains the complex, frequency dependent susceptibility layer. Evaluating Effects of Magnetic Soils mortars are both located at a depth of 0.4 m. We should note that the t −1 response only occurs for a step function primary field. To take into account the finite length of the inducing field we would need to convolve the solution with the transmitter current.
The Effect of Magnetic Soils on the Recovery of Dipole Parameters
In this section we consider the effect the magnetic soils have on our ability to recover the representative dipole parameters of a buried target from a 3-component time domain sensor data.
Generation of Synthetic TEM Data
Although 3-component sensors have been developed by Geonics Inc. (EM61-3D) and Zonge Engineering (NanoTEM), testing of either sensor has been limited. Field data, in particular data acquired over magnetic soils, are not readily available. Therefore, to investigate the effects of the magnetic soils we must generate synthetic data sets. We assume that the secondary field is a linear sum of the response of the buried metallic target, the response of the magnetic soil and Gaussian noise. We use the conclusion, arrived at earlier, that the magnetic soils affect only the vertical component of the receiver if the receiver is on the axis of the transmitter.
The buried target response is calculated by using the decaying two-dipole approximation outlined in Pasion and Oldenburg (2001a) . The response of a compact buried target can be approximated by a 13 element model vector: , d, θ, φ, k1, α1, β1, γ1, k2, α2, β2, γ2] ( 5) where (X, Y ) is the target location, d is the depth below the surface, θ and φ define the target orientation, k1, α1, β1, γ1 define the decay characteristic of a dipole oriented parallel to the axis of symmetry of the target, and k2, α2, β2, γ2 define the decay characteristic of a dipole oriented perpendicular to the axis of symmetry of the target. Verification of this model, as well as appropriate parameters for different UXO and scrap targets, are reported in Pasion and Oldenburg (2001b) . For the examples in this paper, we will forward model the response for the stokes mortar of Figure 4 . Data will be generated for a 4 m × 4 m survey area, with lines collected at 0.5 m separation, and soundings collected every 10 cm along each line. The mortar is placed at (X, Y ) =(2m, 2m) and at a depth of 40 cm. The target is oriented such that (θ, φ) =(30 degrees, 70 degrees).
To model horizontal variation of magnetic soils we assume that the magnetic soil response is
where the amplitude A (x, y) can vary across the survey area. Figure 5 contains data collected on Kaho'olawe with a Geonics EM63 TEM sensor. From the plotted decay curves, we see that the basaltic soils produces a response of approximately 100mV at the first time channel (180 µsec). The amplitude A (x, y) is defined as
where k is chosen such that at the first time channel the background soil response is 50 mV at Y = 0m and increases to 100 mV at Y = 4m. The top layer susceptibility model is generated using measured susceptibilities from Table 1 Finally noise , with a standard deviation of 5% of the data plus 0.5 mV, are added to the sum of the basalt response and the dipole response. Figure 6 plots the synthetic data at t = 180µsec.
Pre-processing Using Horizontal Components of Field
As our modelling suggests, the presence of magnetic soils will produce a t −1 signal in the vertical component of the measured secondary field. The difficulty in removing this signal lies in identifying whether the measured response arises only from the soil or from a combination of soil and a metallic target. The absence of the soil signal in the horizontal components suggest that they can be used as part of a pre-processing step to help determine where and how we should attempt to remove the soil signal in the vertical component. One possible (and simple) way of doing this would be to 1. Calculate the horizontal component of the data at the first time channel:
At each sounding, if d
h is less than some threshold value (e.g. d h < 2mV) then identify this station as unlikely to contain signal from a target. We can proceed to fit At −1 to the data at this station and subtract from the data.
At soundings where d
h is greater than the threshold, we can then subtract A † t −1 where A † is determined from interpolation of the A values from the previous step.
Inversion Results
The synthetic data were inverted for the 13 parameters listed in eq. (5). These parameters were obtained by minimizing a least squares objective function. Three data sets we considered are: (1) Stokes mortar without magnetic soil response, (2) Stokes mortar with the magnetic soils noise model, and (3) Stokes mortar with a magnetic soil background, where the data has been pre-processed using the horizontal components to remove the response from the vertical components. The results of inverting the data sets are shown in Table 2 . The inversion was successful in recovering the location, orientation, and dipole parameters without the magnetic soil signal, and when the data was preprocessed as described in the previous section. The inversion of the unpreprocessed data set that contained the magnetic soil signal, was unable to accurately recover the dipole decay parameters.
Conclusions
Electromagnetic sensor data acquired in the presence of magnetic soils have a characteristic ∂H/∂t decay of t −1 . This t −1 decay can be derived by assuming the soil consists of magnetic particles with a uniform distribution of decay times. This assumption leads to a representation of the magnetic susceptibility as a frequency dependent, complex quantity. One-D forward modelling of this susceptibility model reveals that the horizontal components of data measured along the axis of a transmitter loop are not sensitive to magnetic soils provided that the subsurface properties can be adequately represented by a 1D layered model. As a consequence, when inverting the three component sensor data collected over a target buried in magnetic soil, the information provided by the horizontal components of data may:
(1) improve detection, (2) be exploited in developing processing routines to aid in the removal of the magnetic soil response in the vertical component of data, and (3) help constrain the inversion to more reliably recover dipole model parameters.
